times show abnormal AC/A ratios 14 and have a large ocular misalignment requiring compensation.
In this study, we reported CA/C ratios in strabismic patients who showed constant binocular fusion at least at near viewing and compared them with AC/A ratios and other clinical parameters. We then tried to clarify the clinical implications of CA/C ratios in strabismic patients.
Methods

Patients
The subjects were 78 consecutive patients with intermittent exotropia and decompensated exophoria (symptomatic patients who do not show manifest deviation during clinical examinations) who consulted the Strabismus Clinic, Hospital of Okayama University Medical School, in January-December, 2001 . The following patients were excluded: (1) patients who did not show constant binocular single vision at near viewing, (2) those with poor stereopsis (Ͼ240 s), (3) those with amblyopia, (4) those with anisometropia Ͼ1.0 D, (5) those with nystagmus, (6) those diagnosed with pseudomyopia in exodeviation, (7) those with other ophthalmologic disorders, (8) those in whom consistent refractometry was difficult because of a narrow lid fissure or long eyelashes, and (9) those who were too young to sufficiently cooperate in the examinations.
The age of the patients ranged from 7 to 39 years and averaged 13.0 Ϯ 6.0 years. The far deviations of the patients ranged from Ϫ50 to 0 prism diopters (PD) and averaged Ϫ19.0 Ϯ 10.3 PD (here, "minus" indicates exodeviation, and "plus" indicates esodeviation). The near deviations ranged from Ϫ45 to Ϫ3 PD and averaged Ϫ22.5 Ϯ 9.3 PD.The mean refractive error of the right eye was Ϫ1.51 Ϯ 2.22 D (range: Ϫ7.00 to ϩ6.75 D). Of the patients, 29 (37%) had a history of surgical correction of strabismus. As normal controls, we also measured CA/C ratios in 10 subjects with no ophthalmological disorders (mean Ϯ SD age: 25.1 Ϯ 9.7 years).
In compliance with the Helsinki Declaration, the objective and methods of the study were explained to the subjects in advance, and their voluntary cooperation was obtained.
Measurement of CA/C Ratios
A pseudo-Gaussian or a difference-of-Gaussian target with a low spatial frequency has been reported to be useful for measuring CA/C ratios. 6, 7, 15 This target at once has a clear center of figure and does not markedly change the marginal blur even when the focus is deviated, so it is considered to open only the accommodation feedback-loop while keeping the vergence loop closed. We made a pseudo-Gaussian target ( Fig. 1 ) with a light emitting diode (LED) placed 40 cm before the eyes and a diffusing screen placed 2.0 cm in front of the LED (the spatial frequency of this target was about 0.2 cycles/degree from the subject's eye positions).
Subjects were instructed to binocularly focus on this target in the dark. Horizontal prisms with different powers (Fresnel Prism Trial Set, Fresnel Prism and Lens Company, Eden Prairie, MN, USA) were successively inserted in front of the left eye, and accommodative changes of the right eye were measured using an open-field type, infrared autore- fractometer WV-500 (Grand Seiko Company, Fukuyama, Japan). This instrument makes it possible to make refractometric measurements in one eye while the subject gazes at an external target with both eyes, and it has been reported to be highly reliable for clinical testing. 16, 17 The prism powers were selected within an individual fusional range (recovery points), which was measured in advance using the prisms and the Lang stereo-test I (Lang Stereotest, Fresnel Prism and Lens), with stereoscopic disparity of 600 s). For each prism stimulus, binocular fusion was confirmed by asking the subject whether he/she had diplopia or not. To minimize the effect of vergence adaptation to the prism, 2,18 the measurement was performed as quickly as possible. Three successive autorefractometer readings were obtained, and the mean was regarded as a representative value.
The slope of the mean accommodative response (D) relative to the given prism power (PD), which is regarded as the CA/C ratio (D/PD), was determined by linear regression. The CA/C ratio (D/MA, meter angle) was calculated by multiplying this value by the individual interpupillary distance (cm). For each patient, we performed this measurement session twice to evaluate the repeatability of the measurement (95% limits of agreement between two measurements obtained on different occasions; mean of the differences Ϯ1.96 ϫ standard deviation of the differences), 19 and regarded the mean of the two slopes as a representative CA/C ratio.
Refractive errors were monocularly measured with the autorefractometer and a distant fixation light (500 cm). These values were subjectively confirmed by a duochrome test. For hyperopic patients, cycloplegic autorefraction with 1% cyclopentolate was performed. The difference (spherical equivalent) between the autorefractometer reading binocularly obtained under the 0 PD prism condition and the refractive error (far point) was regarded as a "binocular" tonic accommodation (tonic accommodation is a resting position of accommodation appearing when information about retinal defocus, or blur, is eliminated).
Measurements of Response AC/A Ratios
The spectacle lenses needed for full correction were applied to the subjects, who were asked to carefully focus on a Maltese cross placed 500 cm in front of the eyes; then, the heterophoric deviation (PD) was measured by the prism and alternate cover test. Next, the lenses on both eyes were replaced with those with the refractive power of full correction plus Ϫ3.00 D, and the deviation was measured again. The stimulus AC/A was calculated by dividing the difference in the deviation between the two conditions by the accommodative demand of 3.00 D (far gradient method). Next, using the same target, the accommodative response (AR, D) to the same lens was monocularly measured using the autorefractometer.Then, the "response"AC/A ratio was calculated by the following equation, after calibrating biases from the vertex distance of the spectacle lenses.
response AC/A ϭ stimulus AC/A ϫ 3.00/AR
Results
Typical measurements of the accommodation response ( Fig.  2A) and the means for all patients (Fig. 2B) are shown. Every patient showed a constant increase in the accommodative response with prism disparities within the individual fusional range. In most patients, there was a linear relationship between the accommodation responses and base-out prism disparities (e.g., patients 7 and 9), but some showed nonlinearity in the relationship, that is, an increasing response with increasing slope (e.g., patient 60).
We calculated the CA/C ratio with the three middle data points, at 10 PD base-in, 0 PD, and 10 PD base-out, for comparison with the previously reported values in healthy subjects (in the 21 patients who did not fuse the target with the 10-PD base-in prism, the data obtained with a 20-PD baseout prism was used instead). A linear regression analysis showed that the mean (ϮSD) CA/C ratio of all patients was 0.081 Ϯ 0.042 D/PD or 0.49 Ϯ 0.26 D/MA. This value was not significantly different from that of the normal subjects (0.091 Ϯ 0.036 D/PD). The repeatability of the CA/C ratio measurement was found to be Ϯ0.016 (D/PD).
The mean response AC/A ratio of the patients was 5.0 Ϯ 3.9 PD/D. The relationship between CA/C and response AC/A ratios is shown in Fig. 3 . We did not find any converse or reciprocal relationship between the two ratios. Figure 4 compares CA/C and response AC/A ratios among the three groups of Duane's classification. The CA/C ratio was not significantly different among the groups, whereas the response AC/A differs among the groups with borderline significance (analysis of variance). The relations between the CA/C ratios and the other clinical parameters are summarized in Table 1 . Patients with a larger exophoria at near viewing tended to have a lower CA/C ratio.
Discussion
We did not find any inverse or reciprocal relationship between CA/C and AC/A ratios. This supports the models of cross-linked interactions between accommodation and vergence control and implies that the CA/C ratio is an independent parameter that may characterize clinical features in intermittent exotropia and decompensated exophoria. We thus need to assess CA/C ratios, as well as AC/A ratios, for full understanding of the pathological mechanisms and proper treatment of these conditions. The distribution of CA/C ratios in the patients was not different from that in our normal subjects, a result compatible with the reported values in healthy subjects under similar experimental conditions (0.09 Ϯ 0.04 D/PD). 8 However, an age-related decline (Ϫ0.003 D/PD per year) has been reported in CA/C ratios, 20 and the mean age of the patients was less than that of the normal subjects. Therefore, the mean CA/C ratio of the patients may in fact be a little lower than that of the normal subjects. A further study in age-matched normal subjects should be conducted under the same testing conditions.
The distribution of CA/C ratios is in sharp contrast to that of response AC/A ratios: some patients showed a markedly high AC/A ratio, and hence the individual difference was twice that in healthy subjects. In contrast with AC/A ratios, CA/C ratios may be a fairly constant parameter, whether or not a subject has strabismus.
Another possibility is as follows. In healthy persons, convergence accommodation is considered to enhance accommodative performance, especially under degraded visual conditions. For low-luminance or low-contrast targets, disparity detection is relatively more accurate than blur detection, and hence accommodation tends to be controlled by fusional vergence. [21] [22] [23] On the other hand, in patients with ocular misalignment, a high CA/C ratio would be harmful 24 because, once binocular fusion is achieved, fusional vergence, to compensate for ocular misalignment, strongly biases accommodation responses via CA/C linkage when the CA/C ratio is high.
This hypothesis is supported by the positive correlation between CA/C ratios and binocular tonic accommodation (Table 1 ). Exophoric patients with higher CA/C ratios tended to accommodate more (overaccommodation), at least under accommodation open-loop conditions. Conversely, patients with a larger exophoria at near viewing tended to have a lower CA/C ratio. For patients with both a large ocular misalignment and a high CA/C ratio, it may be difficult to maintain binocular fusion.
A nonlinear relationship was observed between accommodative responses to prism disparities in some patients, usually with an increasing slope with increasing prism disparities. Such nonlinearity in the CA/C stimulus-response relationship has also been reported in healthy subjects. 15 Accommodative responses are limited by the individual's accommodative range. 20 We did not measure accommodative amplitudes in this study, but the limited accommodative range was probably not the cause of the nonlinearity because the maximum mean accommodative response of 4 D should be within the accommodative amplitude, when the patients' ages are considered.
Interestingly, similar nonlinearity and intersubject variation has been reported in fixation disparity. 25 Fixation disparity, or a tiny ocular misalignment within the Panum area under binocular fused conditions, is considered to be a steady-state error of the vergence feedback loop. 2 The nonlinear relationship between accommodative responses and prism disparities, together with that in fixation disparity, suggests the nonlinear nature of neural integrators presumed to be part of the vergence feedback loop.
The patients with a history of strabismus surgery had a higher CA/C ratio, apparently because of colinearity between angles of deviation at near viewing and surgical history: patients with a history of strabismic surgery had a smaller mean angle of deviation. It is plausible to think that surgical correction of ocular misalignment increased or normalized the CA/C ratio, which probably improved accommodation performance under visually degraded conditions. Duane classified exodeviations into three groups based on far and near angles of deviation: basic (Ϫ15 D Ͻ far deviation Ϫ near deviation Ͻ 15 PD); convergence insufficiency (far deviation Ϫ near deviation м 15 PD); and divergence excess (far deviation Ϫ near deviation Ϲ Ϫ15 PD) types. 26 AC/A ratios usually explain such far-near incomitancy in angles of deviation. Coincidentally, the mean response AC/A ratios of our patients differed among these groups. On the other hand, the mean CA/C ratios were almost the same among these groups, suggesting that the CA/C ratio is Figure 4A ,B. Mean CA/C ratios (D/PD) and mean response AC/A ratios (PD/D) compared among three clinical classes of exodeviations: basic, convergence insufficiency, and divergence excess types.There was no significant difference in the mean CA/C ratios among Duane's classes of exodeviation, whereas the mean AC/A ratios differed among them with borderline significance (analysis of variance). * P ϭ 0.06. (Basic-Divergence Excess differences, P ϭ 0.0598; Convergence Insufficiency-Divergence Excess differences, P ϭ 0.0591).
not directly related to the far-near incomitancy in angles of deviation.
The repeatability of our CA/C measurements was comparable to that reported in a previous study (Ϯ0.020 D/PD), 20 but it was not necessarily satisfactory. One reason may be the influence of proximal accommodation. When prisms with different power were applied, the perceived size of the target was slightly altered. It is likely that such a looming effect induced proximal accommodation differently and biased the accommodation response. Besides, the CA/C ratio has been reported to alter with time when vergence demand is applied continuously. 12, 13 In order to minimize this effect of adaptation, we performed the measurements in quick succession. We used the push-up method, that is, increasing prism disparities of convergence to elicit accommodative responses, but a random allocation of the prisms will minimize such biases and assure more accurate measurements.
In conclusion, we report here for the first time the distribution of CA/C ratios in patients with intermittent exotropia and decompensated exophoria. The CA/C ratio is independent of the AC/A ratio. Probably, a lower CA/C is beneficial, enabling the vergence control system to compensate for large strabismic deviation with minimum degradation of accommodation accuracy.
